Nano-contact spin-torque vortex oscillators (STVOs) are anticipated to find application as nanoscale sources of microwave emission in future technological applications. Presently the output power and phase stability of individual STVOs are not competitive with existing oscillator technologies. Synchronisation of multiple nano-contact STVOs via magnetisation dynamics has been proposed to enhance the microwave emission. The control of device-todevice variations, such as mode splitting of the microwave emission, is essential if multiple STVOs are to be successfully synchronised. In this work a combination of electrical measurements and time-resolved scanning Kerr microscopy (TRSKM) was used to demonstrate how mode splitting in the microwave emission of STVOs was related to the magnetisation dynamics that are generated. The free-running STVO response to a DC current only was used to identify devices and bias magnetic field configurations for which single and multiple modes of microwave emission were observed. Stroboscopic Kerr images were acquired by injecting a small amplitude RF current to phase lock the free-running STVO response. The images showed that the magnetisation dynamics of a multimode device with moderate splitting could be controlled by injecting an RF current so that they exhibit similar spatial character to that of a single mode. Significant splitting was found to result from a complicated equilibrium magnetic state that was observed in Kerr images as irregular spatial characteristics of the magnetisation dynamics. Such dynamics were observed far from the nano-contact and so their presence cannot be detected in electrical measurements. This work demonstrates that TRSKM is a powerful tool for the direct observation of the magnetisation dynamics generated by STVOs that exhibit complicated microwave emission. Characterisation of such dynamics outside the nano-contact perimeter permits a deeper insight into the requirements for optimal phase-locking of multiple STVOs that share common magnetic layers.
Introduction
Spin torque oscillators (STOs) [1] , [2] , [3] , [4] are nanoscale magnetic devices that utilize the transfer of spin angular momentum between constituent magnetic layers [5] , [6] , [7] to excite magnetisation dynamics. Autonomous (auto) oscillations of an STO are established when a spin transfer torque (STT) counteracts the restoring force or damping of the dynamics. [8] The frequency of such auto-oscillations has been observed through almost three orders of magnitude from 100 MHz to 100 GHz [9] , [10] by varying a DC bias current and an applied magnetic field to control the nature of the magnetisation dynamics. In STOs the DC current is often confined to flow through the device perpendicular to the magnetic layers with high current density (~10 7 to ~10 8 A/cm 2 ). This can be achieved by either fabricating a nano-contact (NC) on top of a spin valve multilayer film comprising of a magnetic free and reference layers separated by a non-magnetic metallic spacer [9] , [11] , [12] , [13] , [14] , or by patterning such a multilayer into a nano-pillar structure [3] , [8] , [15] , [16] , [17] .
The magnetisation dynamics of nano-pillar STOs are physically confined to the patterned magnetic layers, while in nano-contact STOs the dynamics are free to extend beyond the footprint of the nano-contact and are the subject of this article. These extended dynamics have been used as a mechanism to phase-lock multiple nano-contact STOs that share the same magnetic layers [18] , [19] , [20] , [21] , [22] , [23] . Such phase-locking is anticipated to overcome the challenges of poor output power and phase stability exhibited by individual devices, which currently prevent their use in technological applications [24] , [25] .
The spatio-temporal character of the magnetisation dynamics cannot be determined from electrical measurements and is often simulated using micromagnetic models to understand how the dynamics are related to the observed microwave emission. However, a number of optical and x-ray investigations have recently emerged in which the spatial character [26] , [27] , [28] , [29] , [30] and temporal evolution [31] , [32] , [23] , [33] of the magnetisation dynamics have been directly observed. Such observations allow the predictions of micromagnetic simulations [20] , [34] , [35] , [36] to be examined [32] , [23] , while at the same time allowing the conditions required for mutual phase-locking in real devices to be understood. These experimental studies have covered a variety of STO magnetisation dynamics including gigahertz frequency localised [26] and propagating [28] spin waves, solitons [32] , and droplets [32] , and megahertz frequency vortex gyration [23] , [33] as reported in this article.
Auto-oscillations of magnetic vortex gyration can be sustained in the low frequency regime (100 MHz to 1 GHz) and offer enhanced output power with respect to auto-oscillations of magnetisation precession in the same device [37] . The vortex is characterised by in-plane circulating magnetisation surrounding a narrow out-of-plane core of diameter ~10 nm. [38] In so-called spin torque vortex oscillators (STVOs) the magnetisation of the softer free layer is curled into a vortex by the Oersted field (DC Oe-field) associated with a DC current passing through the nano-contact and into the spin valve multilayer with current density ~ 10 7 to 10 8 A/cm 2 . The same spin polarised current also delivers a STT that excites auto-oscillations of vortex core gyration. [9] , [11] As the core gyrates with frequency fG, the reorientation of the free layer magnetisation with respect to that of the reference layer generates a microwave (RF) giant magnetoresistance (GMR) signal with frequency fG. The GMR signal corresponds to the relative orientation of the spatially averaged magnetisations of the free and reference layers beneath the nano-contact. [9] Consistency of nano-contact device-to-device operation is crucial for multiple STVOs to be phase-locked by magnetisation dynamics within shared magnetic layers. Individual device response is understood to be influenced by nanostructural inhomogeneity such as defects, surface roughness and coupling between layers, impurities, and grain orientation in the fixed layer [52] . The local magnetic environment may then vary on length scales that are smaller than the nano-contact diameter, but may influence the gyration of a vortex in a similar way to that of local defects [53] . Unique jumps, changes in gradient, and sometimes splitting of the auto-oscillation frequency are observed as a function of DC current. Such device-todevice variations may also be related to differences in the evolution of the equilibrium magnetic state as the DC current is varied. However, the correlation between these variations in the electrical response and the spatial character of the magnetisation dynamics within the extended magnetic layers remains unreported.
In this work we have used time-resolved scanning Kerr microscopy (TRSKM) to observe the influence of auto-oscillation splitting on the magnetisation dynamics that extend beyond the perimeter of a nano-contact. First we carried out electrical characterisation of the RF emission of two STVOs with nominally identical nano-contacts, each fabricated on its own microscale spin valve mesa. To acquire images of the magnetisation dynamics using TRSKM it is necessary to injection lock the STVO to an RF current. In an STVO exhibiting a single mode of vortex gyration, it has previously been observed that the magnetisation dynamics were defined by localised and far-field spatial characteristics. The localised dynamics were identified as the STT excitation, while the far-field dynamics were shown to be a reorientation of the magnetisation in response to the Oersted field associated with the injected RF current (RF Oe-field). In the same STVO moderate mode splitting was observed for a different bias field orientation. However, when the STVO was locked to the injected RF current, the magnetisation dynamics also exhibited well defined localised and far-field dynamics. In contrast, in an STVO exhibiting significant mode splitting the spatial character of the magnetization dynamics was not well defined and revealed evidence of multiple localised excitations within the free layer, even when the device was injection locked. Direct observation of the magnetisation dynamics that correspond to such mode splitting may provide insight into the equilibrium magnetic state and how to achieve controlled synchronisation of multiple STVOs of shared magnetic layers. Figure 1 . The experimental set-up for combined electrical and optical measurements. Stroboscopic optical measurements were performed by synchronising probe laser pulses to a RF current that was used to injection lock auto-oscillations of the STVO.
The RF frequency was set to an integer multiple of the laser pulse repetition rate (here n = 2 is shown), while phase sensitive detection of the dynamic magnetisation utilised 180° phase modulation of the RF current at audio frequency fref. Spatially dependent MOKE polarisation changes K of the reflected beam, corresponding to three orthogonal components of the dynamic magnetisation, were recovered simultaneously using a quadrant-diode polarising bridge detector. The incident beam was focused onto the exposed spin valve multilayer structure where the Cu/Au of the electrical contact pads had been removed for optical access. The relative layer thickness of the spin valve multilayer are shown to scale (thickness in nm), while the thickness of the SiO2 layers and top Cu layer, and nano-contact diameter d, have been reduced for clarity. Adapted from [23] 
Methods

Fabrication
In this work two nano-contact STVOs were investigated and are referred to as NC1 and shows how the device appears in the scanning Kerr microscope. The CPW was designed to just overlap the centre of the mesa so that the nano-contact was located at the very edge of the signal pad (Figure 2 (b), indicated by arrow 'NC'). In a third, nominally identical device that had expired, AFM images revealed concentric rings of damage extending into the exposed mesa that confirmed that the nano-contact location was at the edge of the signal pad [33] . The CPW ground planes were electrically contacted to the Cu/Pd cap of the mesa using a large (~4×2 µm 2 ) rectangular vias at each end of the rectangular mesa to promote a symmetric current distribution in the vicinity of the nano-contact. The vias were fabricated using photolithography and the same reactive ion etch used to define the nano-contact in the SiO2. 
Electrical characterisation
The electrical characterisation of the free-running and injection-locked response of the STVOs was carried out in the configuration shown in Figure 1 . In measurements of the freerunning response the RF output of the microwave synthesiser was switched off so that only DC current passed through the nano-contact. The DC current IDC was generated by a precision current source and delivered to the device via a bias tee. Positive DC current was defined as electrons passing from the reference layer to free layer. The GMR signal of the STVO was detected, via the bias tee and a circulator, using a spectrum analyser. At each value of the DC current, the spectrum analyser recorded an average of 5 to 8 power spectra acquired in the range 3 Hz to 1 GHz using a 100 kHz resolution bandwidth, and 10 dB of pre-amplification. The injection-locked response was measured by using a circulator to simultaneously extract the power spectrum while injecting an RF current IRF to injection-lock the STVO. The circulator had a minimum isolation of 16 dB in the range 150 MHz to 250 MHz. A vector network analyser was used estimate the insertion loss in the range 30 kHz to 1 GHz from the synthesiser to the nano-contact via the circulator, bias-tee, and connecting RF cables, adapters, planar waveguides, and wire bonds. The microwave synthesiser was phase locked to a 10 MHz output of a low phase noise master clock for TRSKM measurements.
Optical measurements
Time-resolved Kerr images were acquired using the laser pulses from an ultrafast Ti:Sapphire oscillator that were generated with ~100 fs duration, 80 MHz repetition rate, and 800 nm wavelength. To synchronise the laser with the microwave synthesiser, the laser was phase-locked to an 80 MHz output of the master clock by tuning the cavity length. Therefore, to perform stroboscopic TRSKM measurements on STVOs it was necessary for the injected RF frequency to be an integer multiple of the laser repetition rate (n×80 MHz). Unless otherwise stated the frequency of the RF current was 160 MHz, or twice the laser repetition rate.
The pulsed laser beam was expanded ×5, linearly polarised, and focused to a diffraction limited spot onto the spin-valve mesa using a ×60 (0.85 numerical aperture) microscope objective lens. The spatial resolution was ~500 nm at a wavelength of 800 nm. The images were acquired by scanning the mesa beneath the focused laser beam using a piezoelectric stage.
Each image was acquired at a fixed phase of the injected RF current. The RF current was phase modulated from 0 to at ~3 kHz for phase sensitive detection of the corresponding change in the magnetisation, i.e. the dynamic magnetisation. A quadrant photodiode, polarising bridge detector simultaneously detected two in-plane components of the dynamic magnetisation using the longitudinal magneto-optical Kerr effect (MOKE), in addition to the out-of-plane component using the polar MOKE. The Kerr signals corresponding to the vector-components of the dynamic magnetisation were simultaneously recovered at the modulation frequency by three lock-in amplifiers.
Results and discussion
Typical STVO response
Electrical measurements were performed using negative values of the DC current for which auto-oscillations were observed. Thermal excitation of magnetisation dynamics was ruled out by the observed absence of auto-oscillations at positive values of the DC current (not shown). To prepare the devices for TRSKM an in-plane magnetic field of ~20 mT was applied along the intended final direction of the field B and in the absence of a DC current. The resulting saturation of the free and reference layer magnetisations was intended to remove any micromagnetic structure beneath the nano-contact and in its vicinity. The field was then reduced to 5 mT along B for subsequent electrical characterisation and TRSKM measurements. Magneto-resistance and focused Kerr hysteresis loops revealed that the saturation field of the free and reference layers was ~1-2 mT and ~5 mT respectively [23] .
After the bias field was set, the DC current was swept from 0 mA to -40 mA. In NC1 a single mode was observed when the bias field was applied along the short edge of the mesa (|HB| = 5 mT, B = 270°), Figure 3 (a). Typical abrupt nucleation of the auto-oscillation was observed at IDC = -30.6 mA. Once nucleated the auto-oscillation was then sustained until a lower cut-off value of IDC = -13.8 mA, as the DC current was swept from -40 mA to 0 mA,
The in-plane bias field increases the magnitude of the cut-off current due to its competition with the DC Oe-field. Therefore the magnitude of the bias field was chosen to ensure saturation of the free layer magnetisation prior to nucleation, while allowing for a sufficiently low cut off current for the auto-oscillation frequency to pass through at least one integer multiple n of the laser repetition rate. The frequency of NC1 was observed to decrease from approximately 300 MHz to 100 MHz and pass through 160 MHz (n = 2) within the operating range of DC current for which a high quality auto-oscillation was observed.
Super-harmonic injection locking (SHIL) of NC1 revealed typical injection locking behaviour of an STVO exhibiting a single mode [33] . In Figure 3 (c) the RF frequency was set to 320 MHz so that its remnant spectral signal lay outside of the auto-oscillation frequency range and did not obscure the injection-locked STVO response. [39] When the DC current was again swept from -40 mA to 0 mA, frequency pulling and locking of the auto-oscillation were observed between ~22 mA and ~20 mA. The locking range was observed at a DC current that coincides with the intersection of the injected RF frequency with the second harmonic of the STVO, in accordance with SHIL. [33] , [39] , [40] The inset of Figure 3 
STVO splitting
In NC1 moderate mode splitting was observed when the bias field was instead applied along the long edge of the mesa (|HB| = 5 mT, B = 0°), Figure 4 (a). As the DC current was swept from -40 mA to 0 mA the splitting emerged at -28.5 mA and continued until almost the cut-off current at -20 mA. The maximum splitting of 15.8 MHz was observed at IDC ~ -26 mA.
The higher frequency mode exhibited the largest amplitude in the power spectra, Figure 4 (c).
However, since the GMR signal is generated by the relative orientation of the spatially averaged magnetisations beneath the nano-contact, the spectral amplitude may not be indicative of the amplitude of the magnetisation dynamics within the free layer. For instance, the magnetisation dynamics corresponding to the lower frequency mode may only partially enter the perimeter of the nano-contact due to the dominance of the dynamics corresponding to the higher frequency mode beneath the nano-contact. 
Injection locking
The free-running STVO behaviour shown in Figure 3 all show auto-oscillation frequencies that pass through 160 MHz. Figure 5 shows each STVO response as the DC current was again swept from -40 mA to 0 mA, but with an injected RF current with frequency of 160 MHz. The estimated amplitude of the RF current was ~1.4 mA (~2.9×10 6 A/cm 2 ) after accounting for ~3 dB of insertion loss. As described earlier, the RF frequency was an integer multiple (n = 2) of the laser pulse repetition rate (80 MHz). The remnant signal of the RF current appears as a band around 160 MHz that obscures the STVO response in and around the locking range, Figure 5 (a-c).
In NC1 (B = 270°) the single mode is slightly pulled towards the RF frequency of 160 MHz, locks at ~ -23.5 mA, and does not reappear, Figure 5 (a). This suggests that the autooscillation remains injection-locked until the free running cut-off current as supported by previously reported Kerr images acquired outside of the locking range [23] . An intermodulation mode with frequency 2fRF-fG is observed from around -30 mA as the DC current is swept towards the locking range. In NC1 (B = 0°) moderate mode splitting is no longer observed when an RF current is injected, Figure 5 Oe-field appears to prevent the co-existence of both modes. As for the single auto-oscillation of NC1 (B = 270°) in Figure 5 (a), intermodulation modes with frequency 2fRF-fG are also observed in the response of NC1 (B = 0°) in Figure 5 (b).
In NC2 (B = 270°) the DC current at which injection locking takes place is unclear, Figure 5 (c). In particular the lower frequency auto-oscillation does not appear as the DC current is swept from -40 mA and through the transition region where the splitting emerged in the free running response of Figure 4 (b). However, the transition between the single mode and the multimode regimes still appears as a minimum in the frequency as a function of DC current at IDC ~ -26 mA. One tentative explanation is that the lower frequency auto-oscillation is immediately injection-locked once the splitting emerges, while the higher frequency mode remains unlocked, but exhibits substantial frequency pulling. The higher frequency autooscillation continues to exist to IDC ~ -21.5 mA at which point it is assumed to be injectionlocked since its free running response retained substantial amplitude to a much lower cut-off current of -14.3 mA. 
Time-resolved scanning Kerr microscopy
Time resolved Kerr images acquired from NC1, with the bias field applied along the short (B = 270°) and long (B = 0°) edge of the mesa, are shown in Figure 6 (a-b) and Figure   6 (c-d) respectively. The Kerr images in Figure 6 (a-b) were acquired within the locking range at IDC = -21.5 mA (vertical dotted line in Figure 3(b) ). The images reveal magnetisation dynamics that extend far outside of the nano-contact perimeter and form two well defined regions indicated as regions 1 and 2 in the reflectivity image of Figure 6 (b). In region 1 large amplitude (Mx ∼ 0.5Ms) localised dynamics are observed in the immediate vicinity of the nano-contact when the phase of the RF current (RF phase) is 0° (not shown) or 180°, Figure   6 (a). Corresponding dynamics in My and Mz are also shown in Figure 6 (a). Since the RF current is phase modulated and the auto-oscillations are injection-locked, the contrast represents the change in the magnetisation between two dynamic states separated by 180°.
Therefore, when the RF phase was shifted from 180° to 0° the contrast of Figure 6 (a) was inverted. When the RF phase was swept to 90° the area of the localised dynamics decreased and almost vanished, while the far-field dynamics of region 2 were observed in Mx images to reach a maximum extending far from the nano-contact, Figure 6 
(b). A series of time-resolved
Kerr images acquired at 15° phase intervals (not shown) revealed that the far-field dynamics lag the localised dynamics by 90° [23] . The injection-locked response of NC1 when B = 0° ( Figure 5(b) ) suggested that the moderate mode splitting had been supressed, perhaps in favour of the dominant higher frequency mode of the free-running response. Time-resolved Kerr images support this interpretation. Remarkably, the images in Figure 6 (c) reveal localised dynamics with a very similar spatial character to those observed for injection locking of a single mode, Figure 6 (a).
Crucially, this observation demonstrates that injection locking can control not only the frequency and phase of the auto-oscillation, but also the frequency splitting and spatial character of the localised magnetisation dynamics, even in bias fields with different orientation.
At the same time, subtle differences in the spatial character of the localised dynamics can be observed between Figure 6 (a) and Figure 6 (c). The larger amplitude and area of the localised dynamics in Figure 6 (c) are consistent with their acquisition at a larger magnitude of the DC current (|IDC| = 27 mA) than that used to observe dynamics in Figure 6 (a) (|IDC| = 21.5 mA). The localised dynamics in the immediate vicinity of the nano-contact (Figure 6 (a) and (c)) are associated with the gyrotropic auto-oscillation of the vortex core driven by the STT of the DC current. [23] , [33] The phase modulation of the RF current leads to the modulation of the vortex core position between two points on its trajectory that are separated by 180°. In
Kerr images acquired at a particular phase of the RF current, the observed dynamics are the deflection the magnetization between these two dynamic states convoluted with the Gaussian profile of the focused laser beam. The far field dynamics (Figure 6 (b) and (d)) are instead a reorientation of the magnetisation in response to the RF Oe-field and can be observed when the DC current is switched off.
To confirm the character of the observed dynamics, the amplitude and area of the localised dynamics generated by NC1 when B = 270° (free-running single mode) was previously extracted from Mx images as a function of the DC current [23] . The area then appears to stabilise to form a plateau (highlighted by the solid red line in Figure   7 (b)) as the DC current is swept towards -15 mA. This is interpreted as a stabilisation of the radius of gyration when the vortex gyration is phase-locked to the injected RF current.
Kerr images acquired from NC2 when B = 270° (significant free-running mode splitting) revealed very different dynamics to those of NC1. The spatial character of the dynamics observed at a DC current of -20 mA was complicated and did not conform to the localised and far-field regions observed in images acquired from NC1. Instead when the RF phase was 45° a region of localised dynamics was observed very far from the nano-contact, between the CPW signal pad and right-side ground pad, indicated by arrow in Figure 8 (a).
When the RF phase was shifted by 180° to 225° the localised contrast was inverted. When the RF phase was shifted by a little over 90° to 150° the images did not reveal the expected Oefield far-field dynamics that were previously observed in NC1 (Figure 6(b) ). Instead a region of localised dynamics was observed at a second location far from the nano-contact, indicated by arrow in Figure 8 (c).
The localised dynamics far from the nano-contact (Figure 8 (a) and Figure 8 (c)) may be explained by the presence of anti-vortices and perhaps other vortices far from the nano-contact.
Micromagnetic simulations reveal that an anti-vortex is formed during the nucleation of the vortex beneath the nano-contact. [35] , [36] While the vortex is typically confined to the nanocontact by the restoring effect of the DC Oe-field, the location of the anti-vortex is difficult to control, even in the presence of a bias magnetic field. In numerical models the anti-vortex tends to move towards the edge of the simulated mesh. In real devices it is likely that it will be pinned by magnetic inhomogeneities or trapped in electromagnetic potentials formed by the DC Oe-field. Therefore the localised dynamics of Figure 8 has previously been ascribed to an anti-vortex since it is further from the nano-contact than the spatial extent of the localised dynamics. [23] Remarkably it is also observed in Figure 6 (c) after the bias field has been rotated through 90° suggesting that the pinning is strong. This feature is similar to that observed between the CPW signal pad and the right ground pad in Figure 8 (a), while that of Figure 8 (c) appears more complicated due to its overlap with the Oe-field dynamics.
To understand if the localised dynamics far from the NC were excited by STT or the RF Oe-field, images of the RF Oe-field excitation (Oe-field images) were acquired. To separate the RF Oe-field excitation from that of the STT, a positive DC current of +20 mA was passed through the nano-contact to attempt to recreate the equilibrium state corresponding to a negative DC current of -20 mA, but with no excitation of auto-oscillations. In Figure 8 Localised dynamics far from the nano-contact are not expected to contribute to the power spectra since they are outside of the nano-contact perimeter. However, their dynamic interaction with dynamics beneath the nano-contact may influence the power spectra as the DC current is reduced and the equilibrium magnetisation evolves. The localised dynamics of The electrical measurements only reveal the spatially averaged response beneath the nano-contact. In contrast the Kerr images reveal that localised dynamics of vortices and/or anti-vortices may exist further from the nano-contact and may not simply vanish as electrical measurements suggest. While the images of Figure 8 (a and c) only show the dynamic state at a single DC current, it is plausible that these localised dynamics can migrate within the free layer as the DC current is reduced and the complicated equilibrium magnetic state evolves.
Such localised dynamics may interact with the vortex gyration beneath the nano-contact via magnetisation reorientation and/or dynamic dipolar interactions of the shared magnetic layer.
As the equilibrium magnetic state evolves, the vortices and/or anti-vortices observed far from the nano-contact may even pass within the immediate vicinity, or perhaps beneath the nanocontact, complicating the power spectra by means of splitting and mode competition summarised in Figure 9 .
Summary and conclusion
In this work we have used a combination of electrical measurements and time-resolved scanning Kerr microscopy to provide insight into the origin of mode splitting in spin-torque vortex oscillators and how moderate splitting may be controlled. STVO device-to-device variation and the variations of an individual device for different bias field configurations was exploited to identify dynamic responses that exhibited a single auto-oscillation of vortex gyration, moderate mode splitting, and significant splitting. Electrical measurements provided some indication that moderate splitting may be controlled to yield an injection locked response similar to that of a single mode, while the injection locked response of a device with significant splitting showed evidence of locked and unlocked modes simultaneously. Time-resolved Kerr images provided direct evidence that for moderate splitting the injection locked response of the localised dynamics was very similar to that of an injection locked single mode, despite differences in the bias field configuration that had a significant influence on the far-field dynamics. In contrast, such well-defined localised vortex gyration and far-field magnetisation reorientation were not formed in a device exhibiting significant splitting. Instead, multiple regions of localised dynamics were observed far from the nano-contact. The localised dynamics were ascribed to the oscillation of vortices and/or antivortices trapped by either magnetic inhomogeneities or electromagnetic potentials far from the nano-contact. It is unlikely that these dynamics can be driven directly by STT, but instead by dynamic interaction via magnetisation reorientation and/or dynamic dipolar fields generated by STT-driven vortex core gyration beneath the nano-contact. Nonetheless, the direct observation of these dynamics 
